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An axial-flow turbojet erLgine was operated on a sea-level static 
tes t   s tand   to  determine whether or  not  detectable signals were present 
in pressures  and blade stresses that are usable aa stall  warnings in 
control  applications. Surge and stall behavior were closely examined 
fo r  unique characteristics that could be used to   cont ro l  engine  behavior 
in the  vicinity of surge and stall. The possibi l i ty  of optimalizing r;' 

8 engine acceleration by proper fue l  flow manipulation was also  studied. 
S 

A signal usable as a stall warning appeared in  both compressor- 
discharge pressure and blade stresses only in the narrow  range  between 

dependent on both  fuel flow and engine speed; stall frequencies were 
found to be dependent only on speed. In  the midspeed range the limit- 
d u e  of compressor pressure  ratio appeared to be sFngle valued and con- 
tinuous when determined for  both  surge and stall. EhgFne responses did 
not  lend  themselves  readily t o  the opthmlizing  technique tried i n  this 
investigation because of the a;brupt changes in pressures at s t a l l ,  hys- 
teresis  effects  associated with stall, and lags in conibustion. 

* 65.4 and 73.0 percent rated speed.  Surge  frequencies were found t o  be 

During cer ta in   a i rcraf t  maneuvers there is a need for   rapid  thrust  
changes. The a i r c ra f t  may use turbo jet engines with fixed  exhaust- 
nozzle area and produce thrust changes by changing the engine  speed. 
Thus the. need for rapid thrust changes becomes equivalent t o  a need f o r  
rapid engine  accelerations. The proper  control of acceleration is an 
important function of turbojet-engine  controls. The control must manip- 
ulate fue l  flow to  accelerate engine masses which axe high in canparison 
with the maximum excess  torque available. This low torque-to-inertia 
r a t io  causes  turbojet-engine  acceleration t o  be  very  sldggish as con- 
trasted to piston-type engFnes. T h i s  is especially  true in the range 

4 

.. of l o w  turbojet-engine  speeds. 
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For  rapid  engine  acceleration  the  turbine-inlet.  temperature  or  en- 
gine  pressure  ratio  should  be  rapidly  increased  to  the maximum permis- 
sible  value  and  maintained  at  this  value  during  the  remainder  of  the 
acceleration.  During  acceleration  most  controls vary the  fuel flow cor- 
responding  to  the  gradually  increasing  engine  speed in such a manner  as 
to  avoid  compressor  damage  due to stall,  reductions in acceleration, 
excessive  temperatures,  and so forth.  Most  acceleration  controls,  at 
present,  use  schedules  (e.g.,  during  acceleration,  fuel  flow  could  be 
increased  until  compressor-discharge  total  pressure  reached  the  limiting 
value  represented  by a scheauled  campressor-discharge  total-pressure - 
speed  relation).  The  difficulties  with  the  application of schedules  are 
changes In the fuel flpw limit due to  the variabiUty of engines,  engine 
deterioration,  inlet-air  distortion,  and  the  necessity  of  complex  gener- 
ators  to  produce  the  schedules.  Becau6e of these-.diffi.culties, only a 
s m a l l  part  of  the  acceleration  margin  (difference  in  comgressor-discharge 
total  pressure  between  the  steady-state  pressure  and  the  pressure  at 
stall  or  surge)  is ueually used. 

. . . . . . - - - . . - . " . . . - .. . . -. . . . 

A closed-loop  control  operating  on a signal that  is  uniquely  iden- 
tifiable  when  the fuel flow  is only slightly  less  than  that  required  to 
cause  stall and surge,  and  which  does not require a calibration,  would 
eliminate  the  necessity  of using schedule  controls.  Pressure  fluctua- 
tions  have  been  observed  which  were  associated  with  stall  and  surge  that 
offer  possibilitfes  of  having  unique  properties  at  the  verge of surge 
and stall. These  properties  might  be  detected as specific-weight-flow 
fluctuations  on  hot-wire  memameters,  pressure  fluctuations fn pressure 
transducers,  or  as  vibratory  stresses  in  stator  blades. 

? 

c 

The purpose of the  investigation  described  herein  is  to  survey  pres- 
sure  transients and blade-stress  phenomena  to  determine  whether or not 
a detectable  signal  that  Fndicates  stall  and  surge  are  Impending  exists 
in a modern  turbojet  engine.  Such a signal  could  be  used  in 8 control 
that  would, upon conmand  to  accelerate  the  engine,  increase  the  fuel 
flow  rapidly  UntFl  the  characteristic  signal  warned  of  the  proximity t o  
stall  and  surge,  then would manipulate  the  fuel flow to  maintain  this 
signal . 

Surveys  were made of  total-pressure  fluctuations  and  stabor-blade 
stresses. The amplitude and frequencies of these  quantities were ex- 
amined to determine whether a characteristic  signal was present at the 
verge of stall and surge. During the  experiments  other  phenomena  Fnci- 
dental to the  objective  but  very  significant  to  control  designers  (such 
as surge and stall  behavior,  combustion  lag,  screech,  and  partial blow- 
out)  were obsemed and  are  reported. 

! 

The  Occurrence  of  severe  hysteresis  (associated  with stall, ref. 1) 
and dead  time  (associated  with  conibustion,  ref. 2) complicates  the  prob- 
lem of an acceleration  control  based upon the  detection of any charac- 
teristic si@ that is emitted while the  engine  is on the  verge of stall 
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or  surge. On the other hand, a signal  emitted at fue l  flows materially 
less than that required t o  s t d l  or surge the engine would ei ther  result 
i n  the  control  sett ing a slow acceleration o r  would necessitate an m- 
plitude  calibration of the signal. 

In an optmizing-type  accelerat ion  control  that maintained maximum 
pressure  ratio d u r a  accelemtion, maximum acceleration need  not result 
because the maximum pressure is a l imi t  only insofar as  pressure is 
concerned. Whereas one engbe had coincident maximum pressure  ratio and 
maxinnun acceleration (ref. 3), another  achieved maximum acceleration at 
pressure r a t io s  lower than those at s t a l l   ( r e f .  4). The existence of 
p a r t i a l  stall during  acceleration  could also be damaging. 

For this report,  surge and stall are defined from material.  presented 
in references 5 and 6. Observations of stall  i n  axial-flow compressors 
have demonstrated that regions of separated o r  reversed  flow OCCLIT Fn 
more o r  less well defined  regions around the  circumference of the compres- 
sor annulus and that these regions pass through the canpressor i n  an 
axial direction w i t h  very little s p i r a l  motion. The retarded-flow re- 
gions are propagated circuuferentially with a velocity that is a fraction 
of the  engine  speed. 

Two principal  types of stall exis t   ( f ig .  1): p a r t i d  stall, which 
is u s u a l l y  tolerated insofar as compressor  performance is concerned, 
especially in the range of low engine speed; and stall (commonly referred 
t o  as hard, complete, o r  full) ,  which must be avoided. (All s ~ o l s  are 
defined  in appendix A. ) 

The stall  characteristics  are: 

(1) only one region  exists; it propagates  regularly. 

(2) The region  extends  over the fu l l  blade height . 
(3) The t ransi t ion  into stall is abrupt. 

(4) There is a hysteresis loop. 

(5) The circumferential  extent of the stall region  increases with 
decreasing weight flow. 

The partial-stall   characterist ics  are:  

(1) It is usually d t i r e g i o n e d .  
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(2) The regions extend  over  only part  of the blade height and are  

(3) The t ransi t ion  into part ia l  s t d l  is graa~al. 
(4) The partial-stall regions  regroup  into a single region  during 

of varying amplitude throughout the stages. 

t rms i t fon  Fnto stall. 

(5) A t  constant  speed it occurs at wefght flows higher  than  those 
of s t a l l .  8 

8 
Surge is defined as weight flow  fluctuations which a re  axially 

symmetric as compared with weight flow  fluctuations of stall  caused by 
low-flow regions revolving about the compressor axis. That is, net flow 
through the annulus does not vary with time in the  case of stall; whereas 
net flow through the annulus does vary wlth time Fn the  case of surge. 
A t  the lowest weight flow d u r a  the surge pulse, the single stall region 
is spread  out t o  cover the complete compreseor annulus (ref. 7 ) .  

The enghe   ( f ig .  2 )  consisted of a l2-stage compressor, an eight- c 

can cabustor ,  a single-stage turbine, and a fixed exhaust-nozzle area. 
The rated thrust of 5300 pounds a t  7950 r p m  w a s  produced with an air 
flow of 98 pounb per second and a fuel flow of 5800 pounds per hour. 
The compressor pressure  ratio wa8 5.3, and the exhaust-nozzle area was 
adjusted  to produce a rated turbine-discharge temperature of 1275' F at 
rated speed. 

Y 

- - . . . . . . . - 
.. 

- 

A l l  pressure measurements about the compressor and the turbine  dis- 
charge were made by pressure probes axially d i n e d  along the top. A t  
the canpressor  discharge,  an  additional  probe was installed  diametrically 
opposite. In addition, large- and small-slot  fuel  pressure measurements 
were d e  at the nozzles.  Fuel-valve  position and engine  speed were 
also recorded. " " - . . . - 

I n  order t o  permit momentary excursions  into the stall and surge 
zones by the use of controlled pulses of fue l  flow, as ent i re ly  new fue l  
system and fuel control were designed and used. The result ing engine 
transients of short duration w e r e  recorded on an extended-time basis 
with instrumentation  possegsing  sccuracy and precision samewhat  greater 
than that bormally used. Both the Instrumentation and the fue l  system 
are  described  in appendixes B and C, respectively. 
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c For this 3nvestigstion, an axial-flow turbojet enghe vas installed 
on a sea-level,   static test stand. The englne was operated at steady- 
state  conditions throughout the speed  range t o  gather information con- 
cerning signals, or  noise,  present  during steady-state operation.  Sig- 
nals usable  in an acceleration  control must appear above t h i s  background. 
The engine was subjected to  different  types of acceleration by the proper 
manipulation of fuel flow so that enghe  behavior  during  acceleration 
and also t he   f eas ib i l i t y  of using sane form of 821 optimralizing accel- 
eration  control which could  accelerate  the engine Fn the  shortest  
possible time could be studied. 

Steady-State Survey 

The engine was operated at steady-state conditions at specific 
points throughout the speed  range. At e x h  steady-state speed, contin- 
uous records w e r e  obtained of the  total   pressures at the canzpressor in- 
l e t  ma the lst, 3rd, 5th, 7th, gth, Uth, and  discharge  stages. Simul- 
taneously,  stator-blade  stresses were recorded at the 4th, 7th, and loth 
stages. 

9 
The frequency  response of the compressor-  and turbine-discharge 

+: t o t a l  pressures  to fuel flaw vas studied t o  determine the dynamic char- 
ac te r i s t ics  and t o  aid in the selection of a perturbation  frequency  for 
use in an optbalizing  control.  At an engine  speed of 69.2 percent 
rated, fuel flow was cycled at frequencies up to 100 cycles  per second 
with the following variables being  recorded: throt t le   posi t ion,   throt t le-  
discharge fuel  pressure,  engine small-slot fuel  pressure, compressor- 
discharge total pressure, and turblne-dfscharge total preesure. 

Acceleration Survey 

Step changes in fuel flow were impressed upon the engine in the 
following sequence: A t  37.7 percent  rated speed, the  s tep change in  
fue l  flow was suff ic ient ly  small t o  cause an i n i t i d l y  small departure 
from steady-state  conditions.  Successive steps of increasing magnitudes 
were applied a t   t h e   i n i t i a l  speed of 37.7 percent rated un t i l   t he  capac- 
i t y  of the  fuel  system had been  reached. This procedure was repeated 
at 5-percent-rpm intervals up to N = 83.0 percent. 

A t  selected speeds between 46.5  and 75.5 percent  rated, ramp 
.it changes w i t h  superimposed sine waves i n  f u e l  flaw were impressed upon 

- per second. 
the engine. The superimposed frequencies  varied between 5 and 10 cycles 
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For  both  the  step  and  ramp  changes in fuel flow, continuous  record- 
ings were  obtained  for  the  following  variables:  compressor-discharge I. 

total  pressure,  turbine-discharge  total  pressure,  throttle  position,  en- 
gine  speed,  small-slot fuel pressure,  and  the  fuel  pressure  at  the  throt- 
tle  discharge. In order  to  obtain  information  during  these  excursions 
Fnto  the  stall and surge  regions,  temperatures  higher  than  the  steady- 
state  rated  temperature  were  permitted  for  not more than 2 seconds,  be- 
cause of the  consideration  given to strength  and  durability of the 
engine parts. All accelerations  were  permitted  to  continue  until  one 
of  the  following  phenomena  occurred:  rated  turbine-discharge  tempera- 
ture,  stall,  surge,  screech, or partial  blow-out. 

The  search  for  unique  engine  characteristic8  usable as  prestall 
warnings has led  to  varied  results,  most  of  which are significant t o  
control  designers.  These  results are presented in three parta: 

I 

I 

(1) A steady-state  survey  of  total  presaures  and  stator-blade 
stresses  are  reviewed  for  indications  of  the  nature of stall  and  surge 
build-up. : 7  

G 

(2) h acceleration  survey  of  carnpressor  behavior  upon  entering 
into and returnhg from the st& region is -Wed with a view towards 
detecting  stall  and  surge wxmings. b. 

(3) Results of an optimalizing  signal  (ref. 8 )  are studfed f o r  pos- I 

sible  application to an acceleration  control. 

Steady-State  Survey 

Pressures. - The  nature of pressure  fluctuations  measured slrmil- 
taneously  at  different  points of the cornpressor are  illustrated  in  the 
sample  trace of figure 3(a). At an engine  speed l.V of 67.6 percent 
rated,  the  oscillating  pressures  fluctuated regularly; at N = 68.4 per- 
cent  rated,  the  amplitude was greatly  reduced  and  the  fluctuations  be- 
came  somewhat  irregular. The variation of the  amplitude  throughout  the 
speed  range  is  shown in figure 3(b), where  it  is  shown  that all magni- 
tudes  greatly dhinished at 68.0 percent  rated  speed. The magnitude of 
the  total-pressure  variation in the 7th compressor  stage  changed from 
2.7 to 5.6 percent  absolute  compressor-discharge  total  pressure  as  the 
engine  speed  varied  from  37.7 to 68.0 percent  rated; and the  absolute 
value  varied  from 1/2 to 2 pounds per square inch. This  pressure  fluc- I 

tuation  dropped  to 0.50 percent  at  73.0  percent  rated  speed and increased 
to  slightly more than 1 percent  at  rated  speed. . 
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From an examination of the frequency of these  fluctuations, the re- 

s u l t s  shown in  f igure 4 w e r e  obtained. Although the magnitudes of the 
fluctuations  experienced an abrupt  reduction at 68.0 percent rated speed, 
the  frequency maintained i ts  l inear   re la t ion w i t h  engine  speed. It is 
suggested that the  engine  during  steady-state  operation  experienced  par- 
t i a l  stall in the speed  range from N = 50 t o  N = 88.0 percent  rated, 
based on the def init ions  presented  earlier. In this range two partial- 
stall zones existed and the slope (0.85 cycle per ro tor  revolution) is 
the  propagation rate. At 68.0 percent  rated speed, the amglitude of the 
par t i a l - s t a l l  zone quickly reduced with increasing speed. Below 44.0 
percent  rated speed, the  increased  frequency  indicated more than two 
p a r t i a l - s t a l l  zones, and the l i n e  drawn through the data pofnts would be 
for   three stall zones at the  sane  propagation  rate. 

* 

Stator-blade stresses. - An examination of stator-blade  stresses 
during the preceding  pressure  fluctuations, which occurred during steady- 
s t a t e  operation, showed  marked changes in  blade  loading and vibratory 

- stresses (fig. 5). The mean l i n e  is indicative of blade loading, and 
the shaded area is hd ica t ive  of the stress vibrational  amplitude. The 
s t r a i n  gages were so oriented as t o  include as much of the bending stress 
as possible. Over the speed range investigated, no resonance  peaks were 
observed. 

t Vibratory s t r e s s  In the  4th s ta tor   s tage  ( f ig .  5(a)) Increased with 
speed t o  approxhmtely N = 40.0 percent  rated and remained at this anrp- 

vas light f o r  speeds below 44.0 percent  rated. A t  this speed there 
appeared a marked change in  the flow  pattern. The speed at which the  
pa r t i a l - s t a l l  amplitude abruptly  diminished (N = 68.0 percent  rated in  
f ig .   3(b))  appeared t o  coincide w i t h  the speed at which there was a 
marked decrease of vibrational stress; also, the speed at which there 
was a transi t ion from multiregionto two-region p a r t i a l  s tall  (N = 44.0 
percent rated in  f ig .  4) apgeared t o  coincide with the speed at which 
the blade loadings  reversed (fiy. 5). The recorded  amplitudes of the 
s t resses   in  figures 5(b) and (c were attenuated because of the 
frequency-response lfmitations of the stress recorders. From figure 5 
it is deduced that partial stall served as the  aerodynamic excitation. 
The result- vibratory blade stresses m i g h t  serve  as a signal f o r  stall 
sensing, but this would be d i f f i cu l t  because of resonance  peaks con- 
nected with the blade natural frequencies. 

5 i i tude  to 68.0 percent. B l a d e  loading, indicated by the average stress, 

Frequency response. - The total-pressure  responses at the compres- 
sor  discharge and the  turbine  discharge to SFnUsoidally va- fue l  
flow at a constant  average  speed is presented Fn figure 6. Resonance 

5 ‘i eaks were found in the turbine-discharge  total-pressure  response 
points A, B, C, and D) and they were thought t o  be caused by the  large 

volumes present Fn the engine,  such a8 caanbustors, t a i l  pipe,  diffuser, - , and so forth. No such peaks were found fn the compressor-discharge 
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total-pressure response below that frequency a t  which actual   fuel  flow 
attenuated. The one peak in the compressor-discharge total-presswe 
response  (point E)  could be a t t r ibu ted   to  some receiver volume at the 
compressor discbarge. The cavfty resonances, points A and B, could be 
connected with surge behavior. 

The compressor-discharge pressure  response  "fell-off'' at about 20 
cycles  per second, whereas the  turbine-discharge  total-pressure  response 
followed fuel flow  variation8 t o  higher  frequencies. This indicated 
that a portion of the. .bm;ing occurred i n  the t a i l  pipe  for  frequencies 
above 20 cycles  per second. This  corner  frequency of 20 cycles  per  sec- 
ond can be considered aa approximation of that part  of t h e  combustion lag 
due t o  burning. That is, pressure due to cambustion increased exponen- 
tially i n  a characteristic time of 8 milliseconds.  Further  contributions 
t o  combustion delay are shown i n  the followLng section. 

Acceleration Survey 

Fuel flow was manipulated  during eng5ne accelemtion  in  the manner 
shown In figure 7. The different  types of engine  behavior which resul-ted 
from t es t ing   for  the co~npressor-discharge  total-pressure limit produced 
engine phenomena which must be considered in  control  design.  Typical 
engine acceleration  responses  are shown in figure 8. In figure 8(a>, 
the fue l  flow change was less  than that required  to  reach  the  lFmiting 
pressure, and the resulting  acceleration w a s  lese than the realizable 
maximum. The fuel flow change was delayed by the transport time  required 
between the  throt t le  and the  nozzles.  Additional  delay was apparent  be- 
tween the  fuel flow at the nozzles and the response i n  compressor- 
diecharge total   pressure.  The total   delay was of the order of 30 milli- 
seconds. The condition of pa r t i a l  s t a l l  (defined  earlier)  existed 
throughout the  acceleration. Other data indicated that the   par t ia l - s ta l l  
magnitude varied wfth speed Fn a quasi-steady-state manner, reproducing 
even the  abrupt magnitude cha a6 engine  speed changed  from 62.8 t o  
7 3  .O percent  rated  (see f i g .  3 "$" b) ) . However, there occurred no abrupt 
changes in  effective  discharge  pressures  during  acceleration. 

I n  figure 8(b), the   fue l  flow change was sufficient t o  skirt and 
then  reach a limiting pressure. This limiting $pressure a t  the  instant of 
stall, and instantaneous speed, i s  called  the  cri t ical   pressure.  During 
the   i n i t i a l  phase of the  acceleration,  the magnitude of partial stall  
increased. At the  instant  cri t ical   pressure was reached, there was a 
transit ion fram par t i a l  stall to stall, as defined  previously. The 
transit ion was practically  instantaneous, and effective  pressure wae 
reduced. I 

The s t a l l  region was a localized area of reduced, or reversed, air  
flow rotating at a fraction of engine  speed. As seen by the  total-  
pressure probe, the  fluctuations were caused by first a stallea zone, 

. I 

I 
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then an unstalled zone passing t h e  probe. The data indicate that the 
stall region was smaller than  the  unstalled  region;  thus,  less t h a i  half 
the annulus was s ta l led .  

As the  region of retarded air flow rotated about the engine axis, 
with the fie1 f low being held constant,  there  occurred a periodfc en- 
riching of the fue l -a i r   ra t io  in each  burner at the frequency of stall. 
This frequency prompted post-turbine burning, as was Fndicated in  the 
section on frequency survey. However, alternate  enriching is a second- 
ary point. S t a l l  was indicated by reductions in average  campressor- ' 

discharge t o t a l  pressure,  turbine-dischtirge t o t a l  pressure, and acceler- 
ation,  probably  caused by a mecia reduction in mass flow. Alternate 
enriching may have caused average  pressures and acceleration  to  be lower 
than otherwise. 

Although fuel flow was rapidly reduced, the compressor was not 
immediately affected and required time t o  recover to normal air flow 
conditions. During  recovery, the circumferential  extent of the stall 
region  diminished and disappeared, and hence ne t   a i r  flow  increased. 
This hysteresis  effect,  characterized by the recovery time, existed fo r  
a time greatly in excess of that needed for   the flow pat tern  to   be re- 
established about  cascaded a i r f o i l s .  When f u e l  f l o w  was cut back, the 
compressor-discharge total pressure did not drop suff ic ient ly   to   a l low 
the compressor t o  come out of s tall  and the air flow to Fncrease. The 
pressure was maintained momentarily by either the burning  process  pro- 
gressing upstream t o  the fue l  nozzles o r  the heat storage  effect of the 
enghe o r  both. Dura this  time, p a r t i a l  blow-out was corrected. The 
recovery  time (0.2 sec on the  average)  exaggerated the hysteresis  effect .  

I n  figure  8(c 1, the  fue l  flow change was more than  sufficient t o  
cause the compressor:discharge t o t a l  pressure  to  reach  cri t ical  pres- 
sure. When cr i t ical   pressure was reached the first time, the single 
stall  region  probably  spread  out t o  cover the complete  compressor annu- 
lus and Ini t ia ted the surge  pulse, as defined  previously. The total 
pressure dropped t o  a suff ic ient ly  low value t o  al low the compressor to 
recover and subsequently to  return  again t o  the c r i t i c a l  pressure.. In  
t h i s  manner'one cycle of surge was completed. 

The engine  accelerated  during  surge until only part of t he  annulus 
was s t a l l ed  and conditions were f u l f i l l e d  as described f o r  s t a l l  behavior. 
Under these  conditions, the mixture did not burn  completely until it 
reached the t a i l  cone. For the increase in fue l  flow shown in figure 
8(c) ,   par t ia l  blow-out occurred a f t e r  an apparent  steady  confition' was 
reached  (perhaps one or  more burners  experienced r ich  blow-out ), and 
the  pressure  fluctuations  evident in stall now occurred in  the  turbine- 
discharge total pressure. The average  acceleration  decrease was caused 
by (1) post-turbine  burnlng raialng the average  turbine-discharge  pres- 
sure, and (2)  a possible  nonlinear  effect of oscillating  turbine-discharge 
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pressure on average  acceleration. Although the  acceleration  recorded 
on figure  8(b)  indicated that the  turbine-discharge  total  pressure 
dropped at the  instant of stall, that on figure 8(c) Fndicated that the 
turbine-discharge total   pressire   rose at  the imtmt of partial blow- 
out. The latter figure a l s ~  ind;lcated that colmbuation 'IfUtered" or  
averaged the fluctuations in  cartpressor-discharge total   pressure due t o  
a stalled ccrmpress.or, . .. . 

Surge result ing from an increased  step c-e in   fue l  flow is shown 
in  figure 8(d). The campressor-discharge total  pressure  quickly  reached 
crit ical   pressure,  a t  which  poFnt the e n t i r e   & L s c e g e  annulus w&6 prob- 
ably s ta l led.  This was followea by a drop in  pressure,  allowing  the x 
compressor t o  recover t o  the cr i t ical   pressure a second time. The re- 
peated  recovery to   c r i t i ca l   ressure  (alternate complete s ta l l ing  and 
meta l l ing  of the  compressor^ characterized Burge, and the aceampany" 
change in  net  flow  through the canpressor at surge frequency w&s re- 
flected in t h e   i n - p h s e   w i a t i o n  is turbi~e-discharge  tots1  pressure. 
In contrast (fig. 8(b)), stalled operation produced no fluctuation in 
the  turbine-discharge  total pressure. There wa8 different   f i l ter ing 
action in the combustors at the frequency of stall than at the  frequency 
of surge. During a t a l l ,  the space average of the flow, or  net flaw, was 
essentially  constant in time i n  the combustors; whereas during  surge, 
this space  average fluctuated in  time at the surge  frequency. 

.. . 

8 

The Urge  increase  in fuel flow which surged the  engine (fig . 8(d) 
produced pressure fluctuations so large that, when f'uel flow was returned 
to   the  initial value, time was required  to  attenuate the surge  cycles. . 

During t h i s  time, the compressor waa also  stalled.  This  indicated that 
surge is a function of the compressor environment, whereas stall is a 
function of the compressor alone  (ref. 7 ) .  

An acceleration  resulting from extreme increases in fue l  flow wa(3 

recorded on figure  8(e). In this low-speed range (N = 42 .O percent 
rated),  excessive  fuel  flow caused a sudden change i n  turbine-discharge 
total   pressure which indicated .a drop in burner ef'ficiency and an in- 
crease i n  post-turbine  burning. The unburned fuel i n  the t a i l  cone 
caused post-turbine  burning and subsequent  screech. Pa r t i a l  blow-out 
and screech had negligible  effect on compressor-discharge t o t a l  pressure, 
which indicated that, i n  the low-speed region,  compressor-discharge 
total   pressure could  not  be  used as a sensor  for  the  detection of par- 
tial blow-out a d  screech. 

S t a l l  behavior. - The .instantaneous  values of the total pressures 
in a stalled cmpressor are recorded on figwe 9. Each  of the to ta l -  
pressure  probes in t h e   f i r e t  six s t a to r  stages was d i n e d  axially with 
the upper  compressor-discharge total-pressure  probe. The phase relat ion 
of these pressures  indicated that a pressure  senior, t o  be used fo r  
stall detection, can be  located anywhere I n  the campressor. The stall . 



NACA RM E S I 1 5  ll 
U 

I .- 

region extended axial ly  throughout the compressor and pr  agated at a 

P z b )  at the carupressor ascharge ,were aaanetric- opposed, add the 
pressures  they  recorded were 180O out of phase. The extremely small 
elapsed time involved in  the trassmission of the signal through the cam- 
pressor (or  pe rbps  the f ac t  that all stages stall) makes the detemim- 
t ion  of  which stage initiates s t d l  extremely di f f icu l t .  Thus Fnstru- 
m e n t a  the c r i t i ca l   s tage  ard detect- stall Fn it before st- spreads 
throughout the rest of the compressor would be  very d i f f icu l t .  

I figction of engine  speed. The two total-pressure  probesTPla and 

The dependence of stall frequency on speed is i l lus t ra ted  fn figure 
10: Its slope,  or  propagation rate (0.43 cycle  per engine revolukion, 
from 40 t o  80 percent  rated engine  speed), fo r  one s t a l l ed  zone correlated 
with the  propagation rate for two partfal-stall zones (f ig .  4) .  'phus, 
a stall sensor  based on the  propagation  characteristics of stal l  might 
be  used t o  limit fue l  flow. This sensor  could  incorporate a band-pass 
f i l t e r  which permitted only information  pertaining t o  stall t o  be sensed 
(e.g.,  fig. 8(b), 43 cps at N = 67.8 percent  rated). 

4f 

B 
N The cr i t ical   pressure and the amplitude of s t a l l  for every  point In 

the speed  range are  plotted i n  f igure   l l (a ) .  The limiting  pressure i e  
camonly  used as a schedule in   control  systems t o  limit fuel flow during 
acceleration. In  the speed  region below 53.0 percent rated, the c r i t i c a l  
pressure  coincided w i t h  the'peak compressor-discharge total   pressure 

rated speed, the compressor-discharge t o t a l  pressure never  recovered t o  
the cr i t ical   pressure once the engine had stalled. Only in  thia speed 
region  did  the  engine  surge. The frequency and the amplitude of stall 
appeared  independent of fue l  flow beyond that required  for stall and of 
the r a t e  of increase in  fue l  flow. 

* once during  every  cycle of fluctuation  in stall. Above 53.0 percent 

The average, o r  effective,  pressure  during stall  increased  linearly 
with  engine speed but was always below the cr i t ical   pressure.  The per- 
centage  pressure loss is given Fn f igure   l l (b) .  When the pressure loss 
exceeded 16 percent of the pressure rise  across the caqressor ,  the en- 
gine  could  surge. 

The effect  of excessive fuel increases on compressor-discharge 
total-pressure ratio durfng acceleration is i l lus t ra ted  in figure 12(a). 
A t  58.0 percent  rated speed, several  excursions were made into  the stall  
region with increasing mounts of  added fue l  flow. When the   fue l  flow 
was increased  suddenly t o  4550 pounds per hour, the compressor-discharge 
total   pressure immediately exceeded the  critical  pressure,  then  increased 
with  speed a t  constant  fuel flow to the   cr i t ical   pressure where the con- 
ditions f o r  stall were fulfilled. Far larger  increases in fuel flow, 
the cr i t ical   pressure was reached  sooner and at lower speeds. This 
behavior  could  be  expiained by postulating  the air flow characterist ics 
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for  this  compressor  as  illustrated  in  the  following  sketch.  Multistage 
compressors  have  been  teeted  that  have  pressure peak6 at  air  flows  higher 

pressure 
, .  

\ 59 
Engine  speed, 

percevt  rated 
N, 58 

Air f l o w  

than  those  necessary  for  stall  (ref. 7 } in this  speed  range.  Thue  the 
acceleration  at a fuel flow of 4550 pounds  per hour (fig. 12(a) ) could 
follow  the  path AC, and  the  accelerations  at  higher fuel flow could fo l -  
low the  path AB. 

For  increasingly  higher  initial  engine  speeds  (fig . 12(b 1 1, the 
compressor-discharge  total  pressures in response  to  step  changes in fuel 
flow  exceeded  the  critical  pressures  to a corresponding lower degree 
(1. e.,  the  slopes of the  constant-speed  lines  increased,  and  the  critical- 
pressure  point  approached  the maximum pressure). When critical  pressure 
was reached,  the  pressure Fnstmtly dropped and fluctuated  at  the  stall 
frequency (fig. 10) and  about  the  average  stalled  pressure. The aver- 
age  pressure  line  during  stall  indicated  that the compressor is an Fn- 
efficient  pressure  generator  but  could  still  generate  sufficiently to 
accelerate  the engine (fig.  8(b) ) . 

Schedule  difficulties. - The exceeding of the  critical  pressure 
following a burst of fuel, especially in the  low-speed  range, c m  make 
the  use  of  schedules  difficult (e. g., limiting fuel flow during accel- 
eratfm according  to  the maximum value of compressor-discharge  total 
pressure  at a certain  speed).  The  control  must  depend on the  schedule 
t o  determine  which limit to  place  on fuel flow.  This  limit,  according 
to figure 12(a), can  be  between 4500 and 5300 pounds  per hour at an 
engine  speed of 58.0 percent  rated,  depending on the  manner fn which the 
control  wishes to approsch  critical  pressure. The engine  operating 
poht is multivalued  with  respect to campressor-discharge  total  pressure, 
aad  the  compressor-discharge  total-pressure - engine  speed  limit is like- 
wise  multinlued. 

i 
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A fuel  flow - engFne speed  schedule  obtained by p lo t t in  simflar 

transients i n  t h i s  speed  range is shown t o  be  single  valued f f i g .   U ( c )  ) 
(i .e., the  control  could  schedule only one maximum fuel f l o w  to avoid 
stall and surge). The approach to  the  limiting  value from inside  the 
curve is caused by conibustion lag. Above  68 percent  rated speed, e i ther  
the compressor-discharge total-pressure - engine speed or  the  fuel  flow - 
engine speed W-N schedule would be applicable. The existence of the 
minimum value in  the limit curve shown in figure  12(c)  correlates  with 
the  behaviors shown in figures 3 and 4, where the  blade  stresses and 
pressure fluctuations show marked changes in air flow  behavior at 68 per- 
cent  rated speed. 

i 

Surge behavior. - The behavior of the C~resBor-dfsCharge  total  
pressure during accelemtions i n t o  the  surge  region is i l l u s t r a t e d   i n  
figure 13. In figure 13(a) the-pressure . m t i o  across  the compressor is3  
related t o  engine  speed  during two particular  accelerations  start ing at 
N = 72.8 and N = 78.0 percent  rated. The surge  pulse was i n i t i a t e d b y  
a general breakdown  of flow at the in s t an t  c r i t i ca l   p re s swe  was reached; 
that is, the   en t i re  compressor annulus was stal led.  A t  t h i s  Instant, 
acceleration was maximum. During the  negative part of the  cycle,  the 
discharge total   pressure dropped t o  a value  sufficient for the  compres- 
sor t o  recover and to  again  reach  the  critical  pressure. 3.1 t h i s  manner, 

pressure. 
< the  positive peaks of the surge  cycles always reached  the  cri t ical  

.. The critical  pressure  obtained at 67.8 percent  mted  speed  (fig. 
8(b) 1 at the  instant of stall and the  cri t ical   pressure  obtalned at 65.5 
percent  rated speed (fig.   8(c) } at the  instant of surge  are  plotted on 
the sane critical-pressure line i n  figure l l(a).  The critical-pressure 
l i n e  was extrapolated at the  higher-speed end by using  the  successive 
pressure peaks of surge  during  acceleration  (e. g., f i g .  8(d) } . In the  
intermediate-speed range, the  pressure peaks at  stall and the  pressure 
at the  instant of stall yielded .the same cr i t ical   pressure.  Surge 
appeared insensitive t o  the   r a t e  of increase i n  fue l  flow. 

A t  the low speeds, the surged phase las ted   for  one or  less  cycles 
of surge ( f ig  . 8( c ) ) and the  transit ion into stall occurred at constant 
fue l  flow. A t  the  higher  speeds  (fig. 8(d)), where the  pressure loss at 
s t a l l  was greater,  surge  continued with increasing  anplitude.  This was 
caused  by positive  engine  acceleration which progressively  raised  the 
cri t ical   pressure,  and the  engine  continued t o  surge  because the  pres- 
sure loss  ( f ig .  I l (b)  ) Fncreased wfth  speed. 

"he surge  frequency  obtained by step changes in fue l  flow (barely 
L sufficient t o  cause  surge) is given In figure 13(b). for   different   ini -  

tial speeds. The frequency  decreased with increasing engFne speed,  pos- 
s ibly because of increasing weight flow. The surge  frequency  obtained 
at constant speed, but with progressively  larger  step changes in fuel 

! 
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flow, is given i n  figure  13(c).  For  this  case, the frequency  increased 
with increasing  fuel flow, possibly because of a stiffer sprin rate 
(i .e.,  higher  pressure  resulting from the  increasing fuel flow '5 . The 
lower  frequencies for 78.0 percent rated sNed may again be caused by 
the higher weight flow. 

S t a l l  warninpp. - The only indication of approaching stall or  surge 
during an acceleration attempt was found i n  the speed  range from 65.4 
to 73.0 percent  rated. A recording of blade stresses  (fig.  14(a)) indi- 
cated a build-up of par t ia l - s ta l l  amplitude,  with the frequency and 
phase  coinciding with total-presswe  fluctuations, immediately prior t o  
surge. There was an abrupt  transition  into  surge, followed by stall. 
The blade stresses  indicated not only the blade-loading effect  resulting 
from increasing weight flow w i t h  increasing  speed, but also the magnitude 
of stress change due to surge and s t a l l .  Thus partial staU, together 
w i t h  stall and surge,  served as aeroaynemic eXcitation for blade  vibra- 
tion. As a result ,  it may be possible t o  use stator-blade stresses 88 
a stall sensor. However, this engine  operated  under  conditions of par- 
tial s t a l l  even Fa steady-state  operation, and a stall 8enBor based on 
the  increasing amplitude of pa r t i a l  s tall  to  serve as a warning of 
approaching stall and surge would have t o  be calibrated f o r  amplitude 
as well as frequency. 

A closer examination of total  pressures  (fig.  14(b) 1 indicated that 
s t a l l  warnings could be sensed  throughout the canpressor. The ed, 5th, 
and di's-charge stages of the c ressor showed corresponding  increases i n  
the magnitude of p a r t i a l   s t a l T w h i c h  has been shown t o  exist in steady- 
state operation) n e e  the cr i t ical-pressure  Mue.  The increase in mag- 
nitude of the  total-pressure  fluctuations, which has a frequency of 0.85 
percent  rated speed, could  serve as a s ta l l  warning. These warnings 
appeared in response t o  s t e p  changes in  fuel flow.  Figure  14(c) indi- 
cates that this type of stall warning resulted as well from ramp changes 
i n  fuel flow even though the engine started at &n initial speed where 
p&i&L-std" arrq?litude was greatest  (fig.  3(b) ) . T h i s  I igure also 
shows a progressive  increaee i n  amplitude of p&ial s ta l l  with fuel 
flow incresses, which again shows the need f o r  amplitude-  calibration. 

Investigation of an Optfmalizing  Technique 

The sa tba t ion   e f fec t  in pressure response t o  increasing fuel  flow 
is shown in figure 15. The deviation from a linear  relation could be 
caused by the  "fXttening  out" of the air f l o w  of the canpressor with 
increasing  pressure, and the decreashg efficiency of the combustors 
with Fncreasing fuel flow. U s i n g  peak pressure 88 coincident  with msx- 
lmum acceleration, as found for  this engine (ref.  3), an optimalizing 
acceleration  control based on pressure  could produce the  fastest   accel-  
eration. The optimalizing  acceleration  control uti l iz ing the principles 
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of reference 8 would superimpose a sinusoidal  variation of re la t ively 

phase in the output, would compare these wlth the  input, and would use 
the camparison t o  approach the optimum point by q i p u l a t i n g  fuel  flow 
during the proceds of adjusting f o r  optimum acceleration. 

L small amplitude on the  input, would measure the  result ing amplitude  and 

P 
Fuel  flow  inputs which B i m i L a t e  a type of opt@mlizing-control  be- 

havior were impressed on the engine. These inputs, ramp changes with 
superimposed 8 i n W O i d a l  variations in fuel flow,  produced effects  i n  
engine  speed and compressor- and turbine-discharge to ta l   ressures  as 
recorded on figure 16. A t  a speed of 46.6 percent rated ?fig,  E(a) ) , 
the response of compressor-discharge total   pressure  indicated an approach 
to  an optimum pressure. The amplitude of the fundamental  frequency 
approached zero at crlt ical   pressure,  and the slope of the speed trace 
increased as the compressor-discharge total-pressure signal decreased 
unt i l ,  at zero  signal, the acceleration w&s maximum, The amplitude of 
p a r t i a l  stall increased as cr l t ical   pressure was reached, However, a f t e r  
cr i t ical   pressure had been  reached and the campressor had stalled,   the 
osci l la t ing  fuel  flow had much less effect  on the campressor behavior. 
The average f u e l  flow  continued to  increase  during stall until partial 
blow-out occurred. The phase difference between indiceted fuel flow 
( throt t le   posi t ion X) and compressor-discharge total   pressure was a 

* measure of t o t a l  combustion Lag (approx. 35 milliseconds). 

At 56.6 percent rated speed (fig.   16(b)),   at tenwtion of ccpnpressor- - discharge  total-pressure response s t i l l  appeared  but did not reach 100 
percent. This was the  effect  of the  higher initial speed. A s  the  pul- 

’ aating  fuel flow probed closer t o  the c r i t i c a l  pressure, the magnitude 
of partial stall  increased; and when cr i t ical   pressure was reached the 
first time, the transition  point into stall had been reached. A t  this 
time, a cycle of low pressure  occurred with a superimposed p a r t h l - s t a l l  
signal havFng a frequency of 0.85 percent  rated  engine  speed  that had 
been present  before at a mch lower amplitude. However, the decreasing 
phase of the cycl3ng f u e l  flow prolonged the  t ransi t ion and  allowed the 
c r i t i ca l   p ressure   to  be rea,ched a second  time. Because t h i s  peak fn 
fie1 f l o w  w a s  slightly  higher  than  the  previous one (due t o  ramg change}, 
the compressor stalled. A fast   control  capable of v~uyFng  fuel flow 
during this t ransi t ion time of approximately 0.1 second could  possibly 
have prevented stall. 

A t  61.7 percent  rated speed (fig. 16(c) 1, the  a t tenmtion of the 
cmpressor-discharge  totd-pressure  response waa diminished as c r i t i c a l  
pressure w a ~  approached. Thus, attenuation  decreased as the  initial 
speed of each acceleration  attempt was increased. Eere, again, the 
t rans i t i on   w to  stall was prolonged, which indicates a possibi l i ty   for  
a fast   control  t o  skirt the  stall zone. The cr i t ical   pressure was almost 
reached at the positive peaks of the following few cycles of fue l  flow. 
The cycling  fuel flow  contfnued to -“ate the  average  co~upressor- 
discharge total pressure durFng stall. 
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A t  an engine  speed of 72.7 percent  rated  (fig.  16(d> ), a speed a t  
which transit ion  , into s t a l l  is always accompanied by a large drop i n  - 
compressor-di~charge~total pressure, the attenuation  in  pressure is 
f a i r l y  low. Thus, an amplitude calibration of pressure  response may 
prove unworkable in a control   in   this  speed region. The par t ia l - s ta l l  
amplitude  again became pronounced as cr i t ical   pressure was approached. 

The attenuation i n  the compressor-dischar  e total-pressure response 
is low at 75.0 percent rated speed (f ig .  16(e)B. However, during  surge, 
cr i t ical   pressure was reached a t  the peak of  every  cycle. But the peak 
pressure did not correspond,to the peak fue l  flow. Once the compressor 
had s t a r t e d   t o  surge, it did so at a frequency different from that of 
the  oscillatory  fuel flow and a t  an amplitude independent of fue l  flow. 
It required a fue l  flow change greater than the superimposed variation 
t o  recover from surge 

. . . .. . . 

According to  these  results,  optimalizing by the proposed technique 
- .  - " - 

is d i f f icu l t   fo r . th i s   tu rboje t  engine. However, for  these  results  the 
osc i l la t ing   fue l  flow was not held near the  critical  point  but was 
dlowed t o  continue t o  increase h t o  the stall"r&gion; - &so, the data 
were not  completely  analyzed. If the cr i t ica l   po in t  i n  fue l  flow were 
maintained  during  the  acceleration by a complete optinalizing  control, 
stall. and surge may have been avoided. There appears some hope of an c 

optimalizing  control working. . . . . . . . . " . . . . . - 

. 

" - " 

Probing into  the stall  ione by fue l  manipulation Fn an e f f o r t   t o  ' - 
establish maximum cam'pressor-discharge total  pressure  (or maximum a C C e l -  
eration) is d i f f icu l t  . The d i f f icu l t ies   for  this t n e  of control  are 
the  abrupt  pressure drop at stall and the  associated  hysteresis connected 
with stall recovery. In addition, combustion lag further coqplicates 
the  design of such a control. 

Examhation of Ehgine Damge 

It was desired  to determine whether extensive damage was done t o  
the engine during the  described  engine  testing.  Several hundred accel- 
erations,  each  lasting less than 5 seconds, were performed  over a period 
of 65 hours of engine  operation. Many of the  accelerations  experienced 
not only stall but  screech, surge, and blow-out. The only damage found 
at engine  overhaul was loose  stator  blades in the first and second s ta tor  
stages of the compressor. The degree of looseness was suf f ic ien t   to  make 
replacement necessary. 

The turbine diaphragm, rotor  blades, and B O  forth,  exhibited no 
cracks,  excessive  oxidation,  or  creep. The fuel  control system speci- 
f ica l ly  designed for  this test allowed  excursions into the surge and 
stall regions and return t o  steady-state  conditions  before  the  turbine 

. 
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blades,  and so forth, had time t o  reach  rated  temperatures. It is be- 
lieve& that the fuel system  permitted this  long engine l i fe  under the 
severe  conditions.  Surging was sufficiently  violent t o  collapse a 6- 
foot  length of aluminum inlet  ducting between the  bellmouth  and  the 
compressor W e t .  

SUMMARY OF RESULTS 

An axial-flow  turboJet engine was operated on a sea- level   s ta t ic  
test stand for engine  acceleration  studies. By using an improved system 
of instrumentation and a specially  desimed  fuel  control system, an in- 
vestigation of  surge  and stall behavior fo r  knowledge usable in the 
design of acceleration  control systems yielded the following  information: 

The engine  operated in  a partially stalled  condition  throughout 
most of the  steady-state speed rage.  This  condition resulted in the 
formation of two or  more regions of p a r t i a l  s tall  propagating at a 
fraction of  engine  speed. Pa r t i a l  stall produced no abrupt change in  
effective  discharge  pressures  or  acceleration  during fie1 flow 
lllanipulat ion. 

Accelerations resulting fram large  increases in fuel flow  caused a 
t ransi t ion from a multiregion  pattern of partial stall to a single  region 
of stall.  Between  &ngine speeds  of 80 and 80 percent  rated,  this single 
stall  region, composed of retarded o r  perhaps  reversed  flow,  extended 
axially throughout the compressor  and propagated at the same f ract ion of 
engine  speed as d id   par t ia l  stall. This stall behavior was character- 
ized by discontinuities i n  effect ive compressor-discharge pressure and 
abrupt changes in acceleration. Above a speed of 53.0 percent  rated, 
stall was usually  preceded by a part, o r  number, of surge cycles. 

A single stall region exeended axfally throughout the  compressor 
with  very l i t t l e  t w i s t .  Neglecting th is ,  a l l  compressor stages  appeared 
t o  stall simultaneously. However, pressure  fluctuations due t o  s t a l l  
did  not  appear W the  t a i l  cone, be- apparently  f i l tered by the com- 
bustion  process. me frequency and the  amplitude of stall  appeared In- 
dependent of fue l  f low beyond that required for  stall. Both the fre- 
quency and the  amplitude, however, are r e l a t ed   t o   enghe  speed. In the 
midspeed range the  llmiting  value of compressor pressure  ratio appeared 
t o  be  single  valued and contFnuous when determined for  both  surge and 
stall * 

on the  large volumes 
compressor-discharge 
each cycle of surge. 

Surge  appeared possible  only when the compressor-disch.arge to ta l -  
pressure  drop at stall exceeded 16 percent. As contrasted  with stall, 
i t s  frequency was dependent upon both  speed  and f u e l  flow, and perhaps 

associated  with combustors  and t a i l  cones. The 
total pressure  reached  critical  pressure  during 

. .__.... . -  



Surge accompanied  by stall occurred only at crit ical   pressure,  
which was always the maximum pressure reached; maxirmmr acceleration was 
always coincident  with  critical  pressure. Surge and stall in i t ia t ion  
also appeared insensit ive  to  the rate of increase in fue l  flow. 

Cambustion delay w&s present. It was of approximately 30- 
millisecond  duration and appeared t o  consist of the following t W s :  
transport time between thro t t le  and nozzles, dead time Fn the can- 
bustors (mixing and transport), and lag i n  the combustors (burnfng 
process).  Post-turbwe,  or  tail-pipe,  burning due to   loca l ized  en- 
riched mixtures  during stall appeared t o  add to  hysteresis time. This 
time, the time required f o r  the compressor t o  recover from s t a l l ,  de- 
pended  on the amount of fuel burning in the t a i l  pipe, and it ranged 
from some arb i t ra r i ly  long time (due t o  blow-out) to   pract ical ly   zero 
time. This mlnhum time resulted only from mmentary stall approaches 
with limiting fuel flows. 

The only stall warning observed  appeared in a very  limited speed 
range (65.4 t o  73.0 percent  rated). It consisted of a moanentary magnifi- 
cation of the partial-stall pattern immed€ately preceding stall. 

Application of optimalizing types of acceleration  control  appears 
d i f f icu l t  for  this engine  because of the discontinuities  in  pressures 
at stall, hysteresis effects resulting from stall, and combustion lag. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

CleveLand, Ohio, September 16, 1954 
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SYMBOIS 

The followin@; symbols are used i n  this   report :  

engine speed, percent rated r p m  

pressure, ~ b / s q  in. 
velocity, ft/sec 

fue l  flow, lb/hr 

r a t i o  of pressure t o  NACA standard sea-level  pressure 

r a t i o  of temperature t o  NACA standard  sea-level  temperature 

fuel-valve  position, in. 
density, lb/cu f t  

specific w e i g h t  f low,  lb/(aec)(sq ft) 

stress, p s i  

phase angle, deg 

frequency,  cps 

Subscripts : 

f f u e l  

2 large s l o t  

S small s l o t  

t throttle  discharge 

0 compressor i n l e t  

1,2,3. . . compressor s tages 

- 12 compressor discharge 

13 turbine  discharge 
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APPENDIX B I 

- 
INSTRUMENPATION 

Consideration of engine l i f e  had dictated,  for  these tests, new 
data-taking  techniques and modified  engine operational  procedures. In 
order t o  make these possible,  instrumentation  possessing good frequency 
response and maintahing  accurate  calibration during dpam5.c behavior 
was required. The frequency-response  range needed was determined  by 
performhg a survey of air flow  fluctuations with constant-temperature 
hot-wire anemometers. Useful hformation appeared below a frequency of 
150 cycles per second; only the fundamental  and first harmonic of the 
blade wake appeared above the  "noise"  level in the region above 150 
cycles per second. 

A i r  f l o w  measurements based on sensing dynamic pressures at any 
single point  could  not  yield  the  ineta~taneous  average flow, especially 
during  stalled  or surged engfne conditions. The anemometers used  not 
only were short-lived  in  engine  testing  but were incapable of sensing 
the  direction of flow  (reverse flow was rect i f ied) .  Temperature meas- 
urements at the stall frequencies  required compensated thermocouples, 
but  they were not used. Cornpernation is based on fixed lags   in   the 
senslng system;  however, mass f low fluctuated during stall and  surge, 
and at times also reversed,  causing the thermocouple time constant t o  
vary accordingly. As a result ,  the output of the comgensated  thermo- 
couples  contained  large  errors  during  varying air flows. Because of 
the above limiC,ations, total-pressure  probes were used that were designed 
t o  pass trp t o  150 cycles  per second. This dependence  on tot&-pressure 
~a8urements  m s  based on recordings  such as figure 17, on which it is 
indicated that total   pressures and mss flow variations &B measured by 
hot wires were i n  phase during  stalled  engine  conditions. 

The location of the total-pressure  probes is shown i n  figure 2. 
All the  pressure  probes were made as nearly identical  as possible. The 
dynmic  characteristics are given i n  figure 18 for standard  sea-level 
gas conditions. The  underdamped response resulted from the desire f o r  
a high natural frequency  and the mechanical limitations of pressure- 
probe construction (ref. 9).  

Speed  measurement was accomplished with  an  alternator which was 
direct ly  coupled to   the  campressor shaft and which produced 180 cycles 
every  engine  revolution. Tbe alternator  output was demodulated with a 
frequency meter which supplied a careful ly   f i l tered  s ignal  t o  an azqpli- 
fier contain- appropriate  zeroing and gain adjustments. The m l i f i e r  
simultaneously drove a galvanometer  element and provided a monitoring 
signal t o  an oscilloscope. Th i s  conbination  permftted a CantinuouslY 
visible  recording of the speed  variation. The al ternator  a lso  supplied 



XACA RM E54I15 
i 

a signal  to a variable  time  base  counter  whose  display  periodically 
- flashed  the  actual rpm for  that  period of counting. 

21 

Fuel flow  measurements  were  obtained  by  recording  the  small-slot 
fuel  pressure  at  one of the  fuel  nozzles.  The  difference  between  this 
pressure  and  the  compressor-discharge  total  pressure was a measure  of 
the  flow  at any instant. 

Stress  measurements Fn each  of  the 12 stator  stages  were  obtained 
by  instrumenting  one  blade in each  stage  wlth  two  bonded  strain  gages 
placed  at  that  point  which  produced maxirmun stresses  due to bending  and 
minimum stresses  due  to  twlsting. Two additional dwmy gages  were im- 
bedded  in  the  compressor  housing to minimize  temperature  errors,  thus 
comprising a temperature-compensated  balanced  bridge. 

A l l  air  pressures,  fuel  pressures,  and  stresses  were  sensed by bal- 
anced  strain-gage  transducers.  The  outputs  were  amplified  by  conven- 
tional  carrier  amplifiers  incorporating  balance  and  gain  adjustments 
which  drove  appropriate  galvanometers Fn a 16-channel  recording 
oscillograph. 

A11 gradients on the  oscillograph  traces  were  obtained  by  subject- 
c ing  the  individual  transducers  to -own ffxed  pressures.  The  stress 

sensitivities  were  computed frokthe known gage  factors and blade  mater- 
ial, because  it  wasn't  necess-  to  determine  the  absolute  magnitude of 
the stresses  for  this study. Speed  sensitivity was obtained  at  various 
points  of  the  speed  range  by  Fntroducing a known frequency  change in to  
the  frequency  meter.  Fuel  flow  at any instant was determined  by  measur- 
ing  the  pressure  drop  across  the  nozzles  (small-slot  fuel  pressure  minus 
compressor-discharge  total  pressure)  and  referring  to  figure 19 for the 
actual  fuel flow. The  linear  relation shown in this  figure  resulted 
from  the  flow-divider  design.  Because  the  natural  frequency of the flow 
divider  and of the  entire  fuel  system was high  (appendix C), the  instan- 
taneous  pressure  drop  across  the  nozzles was considered a measure  of  the 
fuel flow at l o w  frequencies. 

- 

A steady-state  plot  of  the  necessary  engFne  variables was obtained 
throughout  the  speed  range. At each  Fnitial-speed  condition,  before  the 
acceleration  attempt,  the  preceding  steady-state  values  were  assumed. Thus, the known recording  sensitivities,  together  with  the  initial 
steady-state  values,  were  sufficient  to  calibrate  each  recording. 
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APPENDM c 

FUEL SYSTEM 

W A  RM E54115 

The  technique of probing the stall and surge  region of a turbojet 
engine  with  short  pulses of fue l  flow required a fuel control system 
that responded very  rapidly  to changes of the control  sett ing.  There- 
fore, the existing  throttle  (sleeve-piston  type) was isolated from the 
engine  system and was driven by an electrohydraulic servomotor possess- 
ing an essentially flat response t o  100 cycles per second. The fue l  
source was an independent 14,00O-po~-per-hour pump, and a l l  the  "flex 
hose'' containing  high  pressures between the pump and the flow divider 
was replaced  with  1-inch copper tubhg .  

I n  order t o  obtain  the  lowest-medance fuel supply to   the  pump, 
fuel  was made t o  flow into an automatic-level-controlled  header  tank. 
Supply at gravity  pressure t o  the pump inlet was then  achieved  with a 

2-inch-pipe  connection to   the  header  tank ~ d ~ ~ g a l l o n  accumulator at 
the pump inlet   ( f ig .  20). A pressure-regulating  relief  valve, based on 
the design considerations  presented in reference 10, was installed,  and 
it maintained a constant  pressure  drop of 100 pounds per  square  inch 
across  the  throttle. Its natural frequency of 170 cycles  per second 
(f ig .   8(b))  and the natural frequency of 80 cycles  per second for  the 
flow divider  (fig.  8(c))  permitted  the "stiff" fue l  system t o  resonate 
at a high enough frequency (33 cps frm fig. 8(b) 1 t o  allow an increaee 
i n  fue l  flow to 8000 pounds per hour in approximately 0.010 second. 

1 

The fue l  system (fig. 20) was capable of following  electric signals 
from high-medance  sources  such as carquters, signal generators,  and so 
forth.  Its response t o  an audio  oscillator (fig.  6 )  indicated f low 
responses t o  high  frequencies. The fuel-system resonance at 33 cycles 
per second checked 'with the  "ringhg" in small-slot pressure shown in 
figure  8(b).  Transport time (time  difference between a pressure change 
a t   t he  pump discharge and corresponding  pressure change at the fuel noz- 
zle.) WBS of the  order of 0.010 second (fig.  8(a)). .. 
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Figure 1. - Over-all compreeeor  performance map of a t y p i c a l  
ompressor.  
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Flgure 12. - Continued. Hiatorr of omproasor-dlaoharge total-preesrua ratib durlng 
acceleraticm In viainlty of stall. 



. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . - . . . . . . . I 

I 
50 55 60 65 70 75 80 85 90 

Ebglne speed, IV, peroent rated 
(c) Maxh fuel flow echedule. 

Flgure 12. - Ccmcluded. Hlstary of cmpreseor-dlaohmge total-pressure ratio 
daring acceleration in viointty of stall. 

a 
UI 



46 - WlCA RM E54115 

" 

70 72 74 76 
Eneine speed, PI, percent rated 

(a) Accsleratlcae e tar t ing  from tun initial speede (72 .8  and 78.0 percent ra tod) .  

Figure  13. - Behavior of oanpreeeor total-preeaurs ratio dur ing aooehratloa in v ic in i ty  
of aurge. 
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Figure 18. - lkequency responee of typical preeeure probe. 
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